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SUPPLEMENTARY NOTES
ABSTRACT
Within the framework of this two-year project, detailed experimental and numerical studies have been performed, focusing on the interplay of noise and nonlinear dynamics. Specifically, we used a method of time-series analysis, referred to as symbolic ordinal analysis, to demonstrate that serial correlations present in the output intensity of a semiconductor laser with optical feedback operating in the low-frequency fluctuations regime share common features with serial correlations present in the inter-spike-intervals (ISIs) of biological neuronal systems. The symbolic dynamics underlying the sequence of inter-dropout-intervals in the laser intensity has the same statistical features, in terms of distribution of symbolic patterns, as in ISI sequences of biological neurons. Therefore, semiconductor laser-based optical neurons could provide a novel, inexpensive and controllable experimental set up that could allow for improving our understanding of neuronal activity. By establishing a direct connection between these different dynamical systems our research offers new perspectives, both, in photonics and in neuroscience. For example, the optical setup could be used to analyze the role of external forcing in neuronal spike sequences. On the hand, optical neurons constructed from inexpensive semiconductor lasers could lead to the development of novel neuro-inspired optical computing devices (threshold detectors, logic gates, signal recognition, etc.).
Final Report for Grant #: FA8655-12- 
SUMMARY
This Final Report summarizes the main achievements of the research funded by this project. Our work was aimed at advancing our understanding of the interplay of noise and nonlinearity in semiconductor lasers and to exploit stochastic and/or nonlinear phenomena for novel applications.
Semiconductor lasers are key elements in optical technologies, being coherent light sources in fiber optics communications, optical data storage, life sciences applications, material processing and sensing. They have a huge economic impact and are crucial for the photonics technologies that improve our everyday life style. For developing novel devices and applications, it is crucial to have a good understanding of nonlinear light-matter interactions and their nontrivial interplay with the various noise sources (such as spontaneous emission, thermal and electrical noise).
Other topics of research included the analysis of extreme events in the form of ultra-high pulses in the output intensity of semiconductor lasers with continuous-wave (cw) external optical injection or optical feedback. Extreme events is nowadays a highly active field of research. Rogue waves, earthquakes of high magnitude and financial crises are all rare and extreme events corresponding to significant and abrupt changes of environmental or socio-economic conditions with potentially catastrophic consequences. They may lead to tremendous social and economic losses and therefore they present a huge challenge for public policy and scientific research, in particular for their prediction and control. Semiconductor lasers under external perturbations can display a dynamical regime where extreme pulses occasionally occur and thus, they are optimal devices for investigating novel methods for predicting extreme events (revealing early warning signals) and novel methods for controlling these events.
Regarding novel applications, we proposed the implementation of an all-optical stochastic logic gate based in the interplay of polarization bistability and noise in optically injected vertical-cavity surface emitting lasers (VCSELs). We also demonstrated a novel method of sub-wavelength position sensing that exploits the regime of quasiperiodic dynamics of semiconductor lasers with optical feedback from two external cavities.
The results obtained in the framework of this two-year project were published in 12 high-impact journal papers, and were presented as Invited Talks and Oral/Poster contributions in several international conferences and workshops. The research involved the work of three PhD students that recently defended their PhD theses: Sandro Perrone at the Universitat Politecnica de Catalunya (UPC, February 2014), Jose Maria Aparicio Reinoso at the Universidad Nacional de Educacion a Distancia (UNED, March 2014) and Andres Aragoneses (UPC, June 2014).
PUBLICATIONS
The results of our research were published in 12 papers in high-impact journals in the fields of photonics and nonlinear physics: two Optics Express (impact factor 3.587), one Optics Letters (impact factor 3.399), two Scientific Reports (impact factor 2.927), one Philosophical Transactions of the Royal Society A (impact factor 2.891), three Physical Review A (impact factor 2.878), two Physical Review E (impact factor 2.255) and one IEEE J. Quantum Electronics (impact factor 1.879).
1. M. Sciamanna, M. Virte, C. Masoller, and A. Gavrielides, Hopf bifurcation to square-wave switching in mutually coupled semiconductor lasers, Phys. Rev. E 86, 016218 (2012). Download
Polarization dynamics of EELs and VCSELs
Main achievements:
• Regular all-optical square-wave (SW) switching was demonstrated via orthogonal optical feedback or orthogonal optical coupling. The bifurcation scenario leading to SWs was analyzed in terms of various model parameters. Deterministic stable SWs were distinguished from noise-sustained transient SWs.
• An all-optical implementation of a VCSEL-based stochastic logic gate was proposed based on the interplay of i) polarization bistability, ii) external orthogonal optical injection and iii) spontaneous emission noise.
• The two logical inputs were encoded in a three-level signal modulating either the external injection strength or the wavelength of the injected light and a comparison between the encoding schemes was performed. It was shown that optical encoding significantly improves the operation rate: while in the opto-electronic scheme the minimum bit time that allows for robust and reliable operation is about 30-40 ns, in the optical scheme it is 5-7 ns.
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Nonlinear dynamics of of semiconductor lasers with optical injection
Main achievement:
• Demonstration of the predictability and noise-suppression of deterministic rogue waves (ultra-high pulses) in the output intensity of a VCSEL with cw optical injection.
• Characterization of the role of direct current modulation in the likelihood of rogue waves. Demonstration that an optimal range of modulation frequencies, close to the solitary laser relaxation oscillation frequency, can lead to the complete suppression of rogue waves.
• J. Zamora-Munt, B. Garbin, S. Barland, M. Giudici, J. R. Rios Leite, C. Masoller, and J. R. Tredicce, Rogue waves in optically injected lasers: origin, predictability, and suppression, Phys. Rev. A 87, 035802 (2013).
• S. Perrone, R. Vilaseca, J. Zamora-Munt, and C. Masoller, Controlling the likelihood of rogue waves in an optically injected semiconductor laser via direct current modulation, Phys. Rev. A 89, 033804 (2014).
Nonlinear dynamics of semiconductor lasers with optical feedback
• Experimental and numerical analysis of serial correlations in the sequence of intensity dropouts in the lowfrequency fluctuations regime. Demonstration of similar symbolic dynamics as in sequences of inter-spike-interval in neuronal systems. We found a minimal model representing the symbolic dynamics and demonstrated that the model remains valid even under the influence of external forcing, implemented via direct modulation of the laser current.
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